A crucial event in the metastatic cascade is the extravasation of circulating cancer cells from blood capillaries to the surrounding tissues. The past 5 years have been characterized by a significant evolution in the development of in vitro extravasation models, which moved from traditional transmigration chambers to more sophisticated microfluidic devices, enabling the study of complex cell-cell and cell-matrix interactions in multicellular, controlled environments. These advanced assays could be applied to screen easily and rapidly a broad spectrum of molecules inhibiting cancer cell endothelial adhesion and extravasation, thus contributing to the design of more focused in vivo tests.
As discussed in a recent scientific report by the American Cancer Society, the relative 5-year survival rate for all cancers diagnosed between 2002 and 2008 in the USA was 68%, significantly higher compared with the 49% reported for 1975-1977 [2] . However, despite great advances in basic cancer molecular and cell biology with the discovery of oncogenes [3] , tumor suppressor mechanisms [4] and cytokines involved in cancer progression [5] , the spread of primary tumors toward distant organs and the subsequent metastatic colonization is still responsible for 90% of cancer-associated mortality [6] .
In vitro assays can be beneficial to study cancer cell invasion and migration, and for the development of new anticancer drugs [7] . In particular, human 3D models can closely mimic the pathophysiological microenvironment [8] , combining multiple cell types and molecular factors in a controlled system, thus bridging the gap between simplified 2D assays, which lack the structural architecture of body tissues and force cells to adapt to an artificial flat and stiff surface [9] , and complex, expensive in vivo studies, often performed using animal models that might fail to reproduce features of human tumors [10] . Significant advances have been made since the development of soft lithography techniques, which enable microfabrication of structures and channels with poly-dimethyl-siloxane (PDMS) for microfluidic applications, thus replacing traditional plastic surface devices, and patterning of cells and biomolecules [11] . Microfluidic devices with embedded 3D cultures are currently used to study cancer cell behavior within in vivo-like microenvironments [12] and new promising applications, including paper-based multilayer constructs, have been developed to control oxygen and nutrient gradients [13] .
Modeling the multiple steps of the metastatic cascade represents a challenge that could pave the way for the discovery of new antimetastatic drugs [14] . In particular, the extravasation process represents a crucial point that leads to the invasion of specific secondary sites, with the subsequent growth of metastatic tumors; thus, detailed studies are necessary to clarify the interaction between specific primary tumors and secondary target organs [15] .
Following an introductory section on cancer metastases, in this review, we focus on in vitro models to study cancer cell invasion, migration and, particularly, extravasation. We also discuss microfluidic applications to investigate extravasation processes and other metastasisrelated phenomena. Finally, we present in vitro and in vivo models that can be used to study the effects of therapeutics on cancer cell extravasation, underscoring how highly specific microfluidic models could provide a significant breakthrough in the screening process of antimetastasis drugs.
Cancer cell odyssey in the metastatic cascade
Tumors arising from epithelial tissues represent approximately 80% of life-threatening cancers because of their ability to metastasize in different secondary organs [16] . The complex metastatic process can be conceptually divided into two main phases, namely the physical translocation of cancer cells from the primary tumor to distant sites, and their subsequent colonization (Figure 1 ). More specifically, several sequential and interrelated steps can be recognized in the former phase, including loss of cellular adhesion, acquisition of increased invasiveness and motility owing to genetic and epigenetic alterations, and induction of tumor angiogenesis leading to entry into the circulatory or lymphatic systems, a process known as intravasation [6, 17] . After intravasation, those cells that survive in the circulation might undergo extravasation, which includes several steps, such as cells becoming trapped in a remote vessel or adhered to its endothelium and transmigrating into tissues, to initiate the development of secondary tumors [18] [19] [20] [21] [22] .
In one scenario of extravasation, circulating tumor cells (CTCs) showing a leukocyte-like rolling behavior on the vascular walls [23] establish transient, metastable contacts with the endothelium mediated by endothelial cell surface molecules, such as E-selectin and Pselectin, and cancer cell counter-receptors, such as sialyl Lewis-a/x [24, 25] . Subsequently, a firmer adhesion is mediated by adhesive molecules on the endothelium, such as vascular cell adhesion molecules (VCAMs), whose expression can be triggered by cancer cells themselves [26] , and cancer cell integrins, while chemo-attractant molecules promote transendothelial migration toward the surrounding tissues [8] . An alternative view is that CTCs, being relatively large, are physically trapped in the small vessels of the microcirculation, become activated, and transmigrate [27] . Steven Paget's 'seed and soil' hypothesis represents a milestone in the study of mechanisms governing metastases, based on the assumption that the interplay between specific cancer cell types and a properly receptive microenvironment guides the metastatic spread of primary tumors to distant organs [28] . However, Paget's theory was challenged by James Ewing, who proposed that the main factor leading to metastases is represented by the anatomy of blood and lymphatic vessels and by circulatory patterns between primary tumors and specific secondary sites [29] . It is now accepted that these theories are not mutually exclusive: scientists have shown how CTCs migrating from the primary tumors target a well-defined subset of organs, specific for each tumor type. This tissue tropism is partially because of the anatomy of the circulatory system, not only leading to physical trapping as described above, but also influenced by the interaction between 'seed cells' and 'receptive soils' [15] [16] [17] 30] .
Endothelial cells in the vasculature of different organs express different surface receptors and specific chemokines are secreted by host cells of individual tissues [31, 32] . Moreover, the 'pre-metastatic niche model' states that growth factors secreted by the primary tumor can prime specific tissues for cancer engraftment, determining the attraction of tumor-associated cells, which contribute to the development of a receptive environment [29, [33] [34] [35] and promoting specific cancer cell homing. Particularly, breast cancer cells often metastasize to the bone and autopsy studies have demonstrated that 70% of patients with breast cancer have skeletal metastases, which represent the major cause of lethality and induce pain, spinal cord compression and fractures, severely compromising quality of life [36, 37] .
Unraveling the multiple steps of extravasation could enable the identification of new anticancer drugs to inhibit the adhesion and/or transendothelial migration of metastatic cells. In vitro testing platforms represent a useful tool, but the lack of organ-specific models, reproducing the human in vivo microenvironment and tissue tropism shown by specific cancer cells, constitutes a significant limitation among current systems.
In vivo and in vitro cancer models for invasion, migration, extravasation and colonization
Although no in vivo or in vitro model fully replicates the complex milieu of factors that influence metastasis in humans, there have been numerous studies devoted to understanding cancer cell invasion, migration and interactions with the endothelium, which comprise different stages of cancer metastasis. Conventional studies of metastasis have been mostly limited to in vivo mouse models because there is a lack of tumor models and methods to study the associated processes in vitro. Mouse models provide a platform to screen for genes involved in metastasis for specific organs or proteins that mediate cancer invasion [38] [39] [40] . Roles of chemical factors and different signaling mechanisms that trigger each step of metastasis have also been studied [41] [42] [43] . In particular, in the case of cancer cell extravasation, in vivo video microscopy of tail-vein injected cancer cells to mouse has been the primary means of investigation [21, 44] . Moreover, advanced in vivo models were developed to study metastasis through direct injection of breast cancer cells either intravenously or directly to specific organs [45, 46] , and intravital video microscopy was used to visualize the interactions of cancer cells in the circulatory system and the metastatic site in a more physiologically relevant manner. However, the main disadvantages of in vivo models are that they make it difficult to perform tightly regulated, parametric studies and quantification is limited [47] .
Earlier in vitro models relating to cancer metastasis investigated cancer cell invasion and migration across matrices of various types under different mechanical and/or chemical cues [48] . There were also studies that focused on interactions of two cell types by modeling cancer cell adhesion to the endothelium, with an emphasis on the changes imposed in cell morphology and monolayer biomechanical properties [49, 50] . Furthermore, use of the Boyden chamber and/or transwell assays for simulating cell migration and cancer cell invasion across the endothelium has been widely accepted. These models have been a popular choice because they overcome some of the limitations of in vivo experiments (e.g. parametric studies, quantification, non-human cells, etc.) by providing more regulated environments with tunable parameters and using human cell types. However, limitations still exist in that the Boyden chamber enables limited control over the local environment and complex multicellular interactions cannot be accurately analyzed because of limited imaging capabilities.
In recognition of the need for a new generation of in vitro platforms, optically accessible and better mimicking physiological conditions through controlled microenvironments, recent research has led to the creation of a new class of in vitro testing methodologies using the emergent technologies of microfluidics. Although acknowledging that in vitro systems cannot fully reproduce the complexity of in vivo situation, microfluidic devices provide the opportunity to create organ-specific microenvironments and explore the development of metastasis of different cancer types, including migration through gels as well as real-time imaging of invasion and extravasation.
Microfluidic tools for in vitro cancer models
Microfluidics has revolutionized the field of cell biology, enabling researchers to develop advanced 3D assays in highly controlled microenvironments [51] , characterized by spatiotemporal tunable chemical gradients, interstitial flows and shear stresses, complex interactions among multiple cell types and small reagent volumes compared with traditional assays [12, 52, 53] . As a result, microfluidics is one of the most promising technologies to develop and optimize complex in vitro cancer models, mimicking multiple steps of the metastatic cascade from primary tumor local invasion to extravasation in secondary loci.
In recent work by Haessler and co-authors [54] , the migratory behavior and migrational speed of metastatic breast cancer cells MDA-MB-231 were investigated under a controlled interstitial flow within a 3D microfluidic chamber. The results demonstrated how the interstitial flow increased the percentage of migrating cancer cells and induced a superior persistence (the ratio between the cell net displacement in a specific direction and the cell total path length) for specific cell subpopulations, either in the positive or negative interstitial flow direction. These data promote the idea that small, aggressive and resistant subpopulations of cells have a crucial role in cancer, being characterized by phenotypes leading to drug resistance and metastatic dissemination. The morphology and invasiveness of breast cancer cells were also investigated by Liu and colleagues [55] , who showed that MCF-7 breast cancer cells generated protrusions and migrated up an epidermal growth factor (EGF) gradient within a 3D basement membrane extract gel with a matrix metalloproteinase (MMP)-dependent proteolytic activity. On the same topic, the Beebe group developed a simple and effective microfluidic device to study the transition from ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC) in a co-culture system with human mammary fibroblasts, demonstrating that the presence of both soluble factors and cell-cell contacts accelerates the transition and that increasing the distance between cell populations leads to incomplete transition, with carcinoma cells retaining their rounded morphology [56] . An advanced microfluidic model was recently proposed by Zervantonakis et al. to investigate the mechanism underlying cancer cell intravasation, showing how tumor necrosis factor alpha (TNF-α) secreted by macrophages interacting with cancer cells can promote endothelial barrier impairment and subsequent cancer cell transmigration [57] .
The above mentioned models represent just a few of the studies recently developed to investigate the initial events of the metastatic cascade, whereas other specific assays were designed to analyze the final steps of cancer cell journey within the circulatory system. In particular, a few interesting models have been developed over the past 5 years to study the adhesion and extravasation of cancer cells (Figure 2 ). The Takayama group designed a microfluidic device to recreate the adhesion of cancer cells to an endothelial monolayer under physiological flow conditions. They demonstrated both that breast cancer cell receptors chemokine (C-X-C motif) receptor 4 (CXCR4) and CXCR7 are involved in the adhesion process and that a CXCL12-conditioned environment can act on endothelial cells, enhancing breast cancer cell adhesion in a CXCR4-or CXCR7-independent manner [58] . Similarly, Shin and co-authors developed a complex platform to analyze the metastatic process from intravasation to the downstream endothelial adhesion in a single chip. In particular, they showed how colon cancer cell adhesion is dependent both on E-selectin expression by endothelial cells and shear stress levels, finding an optimal value at 3 dyne/cm 2 . Moreover, they found a significant decrease in cell adhesion when cancer cells were treated with the extravasation inhibitor CA19-9 antibody [59] . Extravasation events were monitored by Zhang et al., who analyzed the transmigration of salivary gland adenoic cystic carcinoma (ACC) cell aggregates in a gel matrix, demonstrating how cell clusters can adhere to, but not extravasate through, the endothelium without CXCL12 stimulation. Interestingly, a CXCL12 concentration-dependent transmigration behavior was highlighted, and the addition of the CXCR4 antagonist AMD3100 inhibited cell aggregate extravasation, although it failed to cause detachment of aggregates from the endothelial monolayer. Finally, cell-cell junctions in the endothelial monolayer appeared completely destroyed at the site of transmigration [60] . A similar model was designed by the Kamm group to investigate single breast cancer cell extravasation through an endothelial monolayer within a collagen gel matrix. Transmigration can be closely monitored in this microfluidic device with a high resolution imaging system, showing that extravasation events within the matrix occur in the first 24 h following cancer cell introduction, and are associated with a significant increase in endothelial monolayer permeability owing to disruption of vascular endothelial (VE)-cadherin junctions [61] . A more physiological model was recently developed by the same group to analyze the extravasation ability of different cancer cell types within a microvascular network, demonstrating the effect of inflammatory cytokines and accurately describing the transmigration event, which is characterized by initial thin cancer cell protrusions followed by extrusion of the nucleus and cell body [62] . It is well known that cancer cells undergo deformation processes before adhesion and extravasation through the endothelial lining. Chaw and colleagues developed a multistep microfluidic device to study the effect of cell deformation on viability and proliferation, revealing that different cancer cell lines under mechanical stresses were characterized by reduced viability and increased doubling times, thus suggesting a significant change in their biological activity. Moreover, they quantified the migration rate and the percentage of cells capable of migrating through 30-Mm-wide microgaps coated with Matrigel, with or without an endothelial cell lining. They demonstrated the different roles of basement membrane coating and the endothelial monolayer, the former slowing down cancer cell migration and the latter reducing the total number of transmigrating cells [63] .
Leukocyte extravasation, which shares many similarities with cancer cell extravasation, has been more extensively studied. Schaff and co-authors [64] designed a microfluidic device to test neutrophil capture, rolling and deceleration on an endothelial monolayer under controlled shear stress conditions, with the capability of including chemokine gradients; moreover, they coupled a computational model to predict shear stresses and leukocyte trajectories. This platform could be used to analyze cancer cell adhesion and extravasation if 3D hydrogels mimicking an extracellular matrix were to be included. Chau and colleagues [65] focused on the development of a microdevice to study the effect of multiple shear stress conditions on endothelial cell morphology, nuclear size, perimeter and secretory activity. Although they did not investigate the adhesion of circulating cells, this platform could be easily adapted to perform detailed studies on cancer cell or leukocyte adhesion. An exhaustive discussion of in vitro assays for leukocyte adhesion with useful insights on computational models can be found in recent reviews by Bianchi [66] and Hanzlik [67] .
Finally, we highlight the versatility of a previously described platform [7] , which was used to analyze leukocyte transendothelial migration under the influence of inflammatory stimuli [68] as well as cancer cell extravasation [61] .
The extravasation assays discussed in this section (Table 1 ) allowed investigation for the first time of adhesion and transmigration processes of single or aggregated cancer cells, eventually coupled with chemokine gradients or inhibitory molecules. Despite the significant step forward provided by these models, they lack the organ specificity that different cancer cell types exhibit in vivo. With the increasing interest in organ-specific chemokines and endothelium adhesion molecules guiding extravasation of specific CTCs, microfluidic devices mimicking different organ microenvironments could prove useful in identifying which surface receptor-ligand interactions are most crucial and in developing targeted therapeutics.
Targeting cancer cell extravasation: in vitro and in vivo drug-screening models to block the metastatic cascade
Inhibiting cancer cell extravasation represents a promising strategy to break the metastatic cascade, coupled with other therapies to stop tumor growth, inhibit tumor angiogenesis and prevent epithelial to mesenchymal transition (EMT) and intravasation events. These, in combination with early diagnosis techniques, could significantly improve the efficacy of cancer therapies.
One of the first studies performed on cancer cell extravasation was conducted by Saiki and co-authors, who investigated the effects of synthetic sialyl Lewis X and fibronectin-derived RGDS peptide analog on lung metastases generated by in vivo intravenous injection of melanoma cells. The former molecule was found to inhibit the interaction with the endothelium, whereas the latter limited cancer cell invasion into the basement membrane, thus affecting a later step of the extravasation process [69] . A second pioneering study was conducted by Hangan and colleagues, who analyzed VLA-6, an integrin receptor mediating cancer cell adhesion to the endothelium. By performing in vivo studies on mice and simple in vitro models with chemotaxis chambers, researchers discovered that, although the VLA-6 monoclonal antibody MA6 did not affect adhesion, it inhibited melanoma cell movement on laminin substrates. Thus, their findings suggested an active role for the VLA-6 receptor in providing both cell movement and adhesion and, more specifically, demonstrated an absence of alterations in the focal adhesion kinase phosphorylation, which is involved in motility [70] . Furthermore, in vivo experiments demonstrated a reduced ability of MA6-treated mouse melanoma cells to extravasate the liver vasculature.
Recent work has concentrated on a wide spectrum of biomolecules involved in cancer cell extravasation. The Jirik group found that the extracellular matrix remodeling enzyme lysyl oxidase (LOX) inhibitor β-aminopropionitrile (BAPN) was able to reduce the number of breast cancer metastases in treated mice, without affecting established loci. LOX seemed to be involved in the initial steps of extravasation and tissue colonization and could represent a potential candidate for advanced drug screening tests [71] . Based on findings reporting that radiotherapy can increase the metastatic potential of surviving cells [72] , Hamalukic and colleagues performed a promising study in which the adhesion of ionizing radiationstimulated cancer cells and/or endothelial cells was limited by treatment with HMG-CoA reductase inhibitor lovastatin, sialyl Lewis X mimetic drug and Rac1 inhibitor (Figure 3) . In vivo studies confirmed the potential role of the lipid-lowering drug lovastatin in mice, counteracting the increased extravasation effect induced by radiation therapy [73] . Tanaka and co-authors used the osteosarcoma cell line OS LM8 within standard transendothelial migration assays to show the ability of these malignant cells to compromise an endothelial barrier and demonstrate that inhibiting the vascular endothelial growth factor (VEGF) signaling through the tyrosine kinase inhibitor pazopanib limited extravasation. In vivo studies seemed to confirm that anti-VEGF therapies could limit lung metastases from osteosarcoma [74] . Furthermore, the reduced O 2 availability within the tumor environment can promote the expression of hypoxia inducible factors (HIFs), which increase the level of proteins involved in cancer progression. HIFs can induce angiopoietin-like 4 and L1 cell adhesion molecule production by cancer cells, which in turn promote extravasation into lungs [43] . A recent elegant in vivo model on transparent zebrafish developed by the Klemke group demonstrated that MDA breast cancer cells engineered to overexpress the metastatic gene Twist were characterized by increased extravasation ability compared with wild-type cells. Moreover, they reported the process switched to a β1-integrin-independent mechanism, with interesting implications on the use of small interfering RNAs [75] . Finally, we highlight a recent study on tumor cell-activated platelets that were shown to release adenine nucleotides that interacted with the P2Y 2 endothelial cell receptor, thus promoting openings in the endothelial barrier and subsequent cancer cell extravasation [76] .
The identified molecules (Table 1) could represent promising targets for future antimetastatic therapies, but additional studies are required to clarify their mechanisms of action and possible interactions with different cell types. In this framework, microfluidic cancer models, as reported in the previous section, pave the way to a new class of assays lying between traditional 2D models and in vivo studies. These advanced in vitro models enable strict control of multiple spatiotemporal parameters, while maintaining drug gradients and co-cultures of multiple human cell types in physiological 3D matrices. Their optimization could lead to the development of more focused in vivo screenings, which although being essential, are becoming increasingly expensive and surrounded by ethical problems.
Conclusions and future potential
Significant steps forward have been made over the past few years in the treatment of cancer, but the development of effective antimetastatic therapies still remains an issue. Traditional in vitro models do not enable parametric studies on cell-cell and cell-matrix interactions in complex, spatiotemporal tunable environments. Microfluidics can contribute to the establishment of advanced in vitro cancer models, overcoming limitations of traditional methods in cancer modeling and anticancer drug screening. Organ-specific microfluidic models are the leading edge of current in vitro research, with the possibility of multi organspecific microfluidic models. Our hope is that they will contribute to improve knowledge on cancer biology and provide useful data to be subsequently tested through animal models and preclinical trials.
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Extravasation of circulating cancer cells is one of the critical events in metastasis
Microfluidic platform allows multicellular studies in controlled environment Adhesion and transmigration of cancer cells are studied in extravasation assays
In vitro systems can contribute to the design of more focused in vivo tests Schematic of extravasation cascade. Primary cancer cells travel in the circulatory system and transmigrate across the endothelium to extravasate into secondary sites and colonize at organs such as lung, bone, liver and brain. Predominant primary cancer sites where initial dissemination occurs include breast, pancreas, prostate gland, colon and lung. Microfluidic platform for the study of intraand extravasation events [59] . Chamber I represents the intravasation chamber for cell migration and invasion, whereas chamber E constitutes the extravasation chamber where cancer cell adhesion events on an endothelial monolayer can be detected. A reaction chamber is designed to condition cells upstream from the extravasation chamber. Screw valves enable the researcher to control independently the fluid flowing through each chamber. Reproduced, with permission, from [62] (a), [60] (b), [61] (c), [58] (d) and [59] (e). Abbreviations: EC, endothelial cells; HUVEC, human umbilical vein endothelial cell; PDMS, poly-dimethyl-siloxane. In vivo and in vitro models developed for screening drugs acting on extravasation. (a) Transendothelial migration of the highly metastatic LM8 osteosarcoma (OS) cell and Dunn OS cell lines [73] . Cancer cells were applied on a monolayer of endothelial cell (EC)-coated fluorescence-blocking membrane and transmigration investigated after 12 h (i). Comparison between control LM8 cells, pazopanib [a vascular endothelial growth factor (VEGF)-inhibitor], VEGF or a combination of VEGF and pazopanib (ii). Tanaka and co-authors analyzed the effect of this anti-VEGF therapy through subsequent in vivo mouse studies, with promising results to limit lung metastases from osteosarcoma. (b) Bioluminescence imaging showing the metastatic progression of breast cancer cells between day 7 and day 21 after cancer cell intracardiac injection. Bondareva and colleagues investigated the role of the lysyl oxidase (LOX) inhibitor β-aminopropionitrile (BAPN) on metastatic growth [70] . Comparison among nontreated (no BAPN) and treated mice with drug administration daily performed starting 1 day before (BAPN d-1) , the same day (BAPN d0) and 7 days after (BAPN d7) cancer cell injection. (c) Ionizing radiation (IR) can increase tumor cell (TC)-EC adhesion and subsequent TC extravasation and generation of lung metastases. Hamalukic and colleagues investigated the effects of lovastatin and Rac1 inhibitors (NSC23766) on the expression of endothelial cell adhesion molecules and the role of glycyrrhizic acid (GL) as E-selectin antagonist [72] . Reproduced, with permission, from [73] (a), [70] (b) and [72] (c).. Abbreviations: CAF, cell adhesion factor; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; NF-κB, nuclear factor kappa B, Drug Discov Today. Author manuscript; available in PMC 2015 June 01.
